Sub-zero treatment of steels with an M f below zero degrees Celsius relies (partly) on a continuation of the martensite formation. The present work reports on the observation of isothermal martensite formation in the sub-zero temperature regime for two steels: AISI 1070 and AISI 52100. Samples were austenitized and quenched in oil and thereafter investigated with vibrating sample magnetometry, which allows a quantitative assessment of the fraction of retained austenite as a function of the subzero temperature and time. Isothermal martensite formation was observed on interrupting the continuous cooling (5 K/min) with vibrating sample magnetometry at several temperatures in the range 80-233 K. The kinetics of isothermal martensite formation depends strongly on the temperature. Similar isothermal experiments with dilatometry indicated the occurrence of volume increase on isothermal holding, consistent with a continuation of the martensitic transformation. On prolonged isothermal holding a volume reduction was observed for AISI 52100, but not for AISI 1070. A mechanism is proposed that explains the occurrence of isothermal martensite formation.
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INTRODUCTION
Conventional heat treatment of ball bearing steel includes austenitisation, quenching and tempering, and results in hardening and improved wear performance of the treated material. [1, 2] Traditionally, ball bearing steel is tempered at a relatively low temperature (433 K) rendering retained austenite regions within the tempered martensitic matrix. [3] The presence of retained austenite is considered a limitation of the conventional heat treatment, since it can transform isothermally into martensite or upon mechanical loading during use. If a more homogeneous martensitic microstructure were present in the as-heat treated material a hardness increase and an improved dimensional stability during use would be obtained.
Sub-zero treatment (referring to the Celsius scale) of high carbon bearing steels has been claimed to have a positive effect on various mechanical properties such as wear resistance, hardness, yield strength, and dimensional and microstructural stability [1, 4, 5] due to transformation of retained austenite into martensite and in collaboration with fine carbide precipitation. [1, [4] [5] [6] [7] [8] [9] [10] AISI E 52100 (DIN 100Cr6) is widely used as a ball bearing steel. The steel is included in the group of high-carbon bearing steels, which are used in a throughhardened condition or in a surface-induction-hardened condition in a special integral bearing configuration, for instance in an automotive wheel spindle. Investigations of 100Cr6 regarding the influence on microstructure and transformation of retained austenite during a cryogenic treatment have been performed by various authors. [9, 11] Hsu, et al. [10] showed that during isothermal holding at a temperature below M s , but above zero Celsius, both growth of previously nucleated martensite as well as nucleation of new martensite in austenite occurred.
In the present work sub-zero Celsius investigation of the isochronous and isothermal transformation of retained austenite into martensite was carried out with vibrating sample magnetometry (VSM) and dilatometry. Both AISI E 52100 and 1070 LS were examined.
EXPERIMENTAL
The materials applied in this investigation were ball bearing steel AISI 52100 (DIN 100Cr6) and a low-alloyed carbon steel AISI 1070 LS with the chemical compositions as given in Table 1 . 
Vibrating Sample Magnetometry (VSM)
A Lake Shore 7400 VSM (model 736 VSM controller, with a Temperature Controller 340) equipped with a low temperature cryostat was employed. The samples applied in the VSM experiments were cylindrical Ø 3.0 mm and 4.0 mm in length and were mounted onto the rigid fiber pole using non-magnetic Kapton tape.
The samples were heat treated prior to the VSM studies. Austenitization of the samples was performed in a standard glass tube furnace for 30 minutes at 1173 K in an inert atmosphere of 99.999 % Ar. The samples were quenched in oil (323 K) for less than 30 s, followed by cooling to ambient temperature in water. After quenching, a fixed (storing) time interval of 30 minutes at room temperature separated quenching and subsequent measurement. This fixed storage time was necessary to control the extent of isothermal transformation at room temperature, so the same austenite content is present in the investigated samples on starting the sub-zero investigation.
In the VSM, the evolution of the saturation magnetization, σ s (C), was measured as a function of temperature and/or time in an applied magnetic flux density of 1.6 Tesla (=16 kG); the measurement time was 2 seconds per step. The strength of the magnetic field is not considered high enough to bring about significant austeniteto-martensite transformation (cf.). [12] For non-isothermal (isochronous) continuous cooling and heating measurements the temperature step-size was 0.5 K and the effective cooling and heating rate was 5 K/min. The isothermal austenite-tomartensite transformation was investigated at various sub-zero temperatures by interrupting the isochronous cooling, while keeping the sample for 1 hour at the chosen temperature.
To unravel the effect of the austenite-to-martensite transformation from the total change in saturation magnetization occurring during cooling/heating at sub-zero Celsius temperature, a baseline was subtracted. The baselines for heating and cooling cycles were obtained from a (third) cycle within the temperature region under investigation after all transformations were completed in two earlier cycles. The uncertainty on the absolute measurements of the specific magnetization in the VSM was estimated to ±0.7%. However, the uncertainty on relative measurements on the same sample after mounting was significantly lower than 0.1%.
Dilatometry
Two dilatometers were applied in the present investigations. A dilatometer of type Bähr 805 A/D was used to monitor the dilations of samples during austenitization, quenching and cold treatment. The lower temperature limit of this dilatometer was 185 K. Cooling to temperatures as low as 78 K was carried out in an Adamel LK02 type dilatometer. The sample geometries in the two dilatometers were different:
• Bähr 805 A/D: cylindrical specimens Ø 3 mm and 7 mm in length;
• Adamel LK02: tube specimen with outer Ø 1.5 mm, inner Ø 1.1 mm and 13 mm in length.
The heat treatment of the samples prior to the low temperature experiments followed the same procedure as that of the VSM experiments described in section 2.1., albeit the heat treatment was carried out in the (quenching) dilatometer. After quenching, a fixed time interval of 30 minutes at room temperature was applied before commencing the sub-zero experiments (cf. section 2.1.).
The dilatation curves measured were not baseline corrected, but were normalized with respect to the length of the samples in order to allow comparison of results obtained on the two dilatometers.
RESULTS

Magnetometry
The measured saturation magnetization, σ s (C), was converted into the fraction of retained austenite, f γ , from:
where a s σ is the saturation magnetization of an austenite-free sample (the baseline) and saturation σ s (C) is the actual saturation magnetization of the sample, which depends on the carbon content in the ferromagnetic martensitic matrix. The evolution of the fraction of retained austenite in both steels as derived from the saturation magnetization values during isochronal cooling and heating are shown in Fig.1 . The solid curves for cooling experiments down to 100 K and 80 K for AISI 1070 LS and AISI E 52100, respectively, clearly show that austenite transforms into martensite during cooling as well as during heating. Evidently, the transformation rate at these low temperatures is low as follows from the slope of the curves at the lowest reached temperature. The discontinuities observed during holding for one hour at five different temperatures, as shown in Fig.1 , illustrate that the transformation continues on isothermal holding. The maximum transformation rates during isochronal cooling (solid curves) are observed at 206 K and 190 K for AISI 1070 LS (Fig.1a) and 52100 (Fig.1b) , respectively. During isochronal heating the maximum transformation rate is observed at 169 K for both materials. It is noted that during heating after isothermal holding at a temperature higher than this level (169 K), only a small fraction of austenite is transformed into martensite (Fig.1) .
The change in austenite content during isothermal holding is shown in Fig.2 . For all investigated temperatures higher than 100K, the isothermal transformation rate decreases gradually with time. Evidently, the isothermal transformation is not completed after 1 h; indeed measurements for both steels at 193 K (not included here) showed that completion was not reached after 2 h of isothermal holding, either. [13] A peculiar effect is observed at the lowest reached temperature for AISI 1070. It appears that during isothermal holding at 100 K the austenite content increases. Since this is considered impossible the effect is ascribed to experimental uncertainties. 
Dilatometry
The measured length increase of the samples during isothermal holding is shown in Fig.3 for AISI 1070 LS and AISI E 52100. The length increases for AISI 1070 LS at 193 K and 223 K show the same trend as the VSM results in Fig.2a, i. e. a continuous increase of the sample length, indicating the transformation from austenite to martensite. As compared to Fig.2a the dilatometry results approach a stationary value faster than the VSM results. For the AISI E 52100 samples the length change shows an initial increase in sample length, followed by a contraction of the sample on continued isothermal holding. As a result a maximum length increase is observed. The contraction is the larger, the lower the isothermal transformation temperature. The occurrence (in time) of this maximum length increase is observed after longer holding time the lower the holding temperature. This decrease of the sample length cannot be reconciled with continued martensitic transformation, unless the martensite develops in another direction than the measurement direction and causes a contraction in the measurement direction as a consequence. 
DISCUSSION
The results obtained by Vibrating Sample Magnetometry (VSM) show unequivocally that retained austenite transforms into martensite on cooling to temperatures below a certain undercooling with respect to room temperature. It is assumed that this start temperature is observed, because the storage time of 30 minutes at room temperature before sub-zero cooling has enabled a stabilization of the martensite and austenite formed during quenching. Consequently, the continued transformation of retained austenite into martensite is first initiated at some undercooling below room temperature, because a new driving force has to be built up.
Both VSM and dilatometry investigations show that the martensite development continues isothermally upon interrupting the continuous cooling cycle. This isothermal continuation of the transformation is not a consequence of the levelling out of temperature gradients in the sample. Even though the isothermal transformation at the temperature under consideration is not completed after 1 hour, it appears that it comes to halt soon after the onset of reheating. This effect is less pronounced on heating from temperatures below the maximum transformation rate (169 K).
From the VSM results it is clear that the degree of transformation is a function of the temperature to which the sample is cooled. The kinetic results, characterized by a continuously decreasing transformation rate with time, suggest that all nuclei were present on starting the isothermal transformation. This could be consistent with continued growth of martensite formed earlier. An attempt was made to describe the isothermal results by Johnson-Mehl-Avrami-Kolmogorov kinetics: [14] ( )
where n is the order of the transformation,
, with k(T) a temperature (T) dependent reaction rate constant, obeying an Arrhenius type expression
with E a the activation energy for the transformation. Eq. (2) was fitted to the isothermal curves in the following form
where a, b, k and n were taken as fit parameters. The purpose of a and b is to take a deviation from a zero baseline and the normalization of the data to 0<f<1 into account. Generally, excellent convergence of the fits was obtained; the standard deviation of the fitted n and k values is typically less than 1%. The fitted curves are included in Fig.2 but cannot be distinguished from the data points. The values obtained for the kinetic parameters k and n are given in Table 2 . No convergence of the fits was obtained at 80 K and 100 K for 52100 and 1070, respectively. The kinetic parameters in Table 2 show that the values of n are in the range 0.57-0.81 (average: 0.64) and tend to decrease with increasing transformation temperature. The n values determined would be consistent with the diffusion controlled thickening of plates (n=½) or needles (n=1) after complete impingement. [15] Since martensitic transformations are by definition diffusionless, it is suggested that diffusion controlled phenomena in the matrix surrounding the transforming region are rate determining for the growth of martensite. Qualitatively, the trend of a decreasing n value with increasing transformation temperature could be explained from a change of the shape of the growing particles. The lower the transformation temperature the more martensite has developed during cooling to the temperature where isothermal transformation is observed. Thus, the present isothermal results are consistent with the growth of existing martensite laths and plates and indicate that the higher the temperature where isothermal continuation of martensite formation is investigated, the smaller are the (athermally formed) nuclei that grow. This might imply that no new nuclei develop on continued cooling. The thermally activated nature of the continued martensite development could be associated with a redistribution of point defects in austenite ahead of the growing martensite, e.g. vacancies, leading to strain relaxation. In principle, the temperature dependence of the k values does not obey Arrhenius dependence for the present case, because samples with different initial contents of martensite were investigated for the different temperatures (which also cause the variation in n). Evaluating the scattered k values in terms of an Arrhenius dependence yields values of about 2-3 kJ.mol -1 for both steels. From dilatometry, the progress of the martensitic transformation is also observed. For the AISI 1070 steel the fitted coefficients n are 0.626 and 0.821 for 223 K and 193 K respectively, and are systematically higher than the values in Table 2 for the same temperatures. For the AISI E 52100 series two mechanisms are contributing simultaneously, which implies that Eq.(2) can be fitted only up to 10-20 minutes, where the length increase dominates. It is believed that strain relaxation occurring simultaneously with martensite formation causes the contraction upon continued transformation. Strain relaxation could be consistent with growth of martensite, which is rate controlled by a thermally activated mechanism in the surroundings. Apparently micro-plastic, creep-like mechanisms are active at the low temperatures under consideration.
The austenite-to-martensite transformation on reheating from the lowest reached temperature (cf. Figs.1) indicates that new martensite develops even though the driving force decreases (on heating). These results can be understood along the same lines as sketched above. The continued martensite development requires stress relaxation, irrespective of whether new nuclei develop or growth of previously formed nuclei occurs. Evidently, below a certain temperature stress relaxation is no longer possible at a rate that allows the observation of an actual transformation, despite an enhanced driving force. This could be consistent with thermally activated stress relaxation as provided by creep-like micro-plastic mechanisms.
CONCLUSIONS
On sub-zero treatment of AISI 1070 LS and AISI E52100 martensite was observed to develop during cooling, on heating from a low temperature (<193 K) as well as during isothermal holding. These observations indicate that parameters of cryogenic treatment as cooling rate, heating rate as well holding time and temperature are likely to have an influence on the properties obtained after sub-zero treatment.
An investigation of the kinetics of martensite formation during isothermal holding after cooling, shows that the results obtained with vibrating sample magnetometry can be described quantitatively by JMAK kinetics, where the fitted JMAK coefficient would be consistent with the growth of plates or laths, i.e. n=½-1. For higher temperatures n approaches ½, indicating that the growing martensite plates are thinner (more lath type) than at lower isothermal transformation temperatures.
Dilatometry indicates that stress relaxation occurs on continued isothermal transformation. Stress relaxation can be accomplished by a thermally activated creep-like micro-plasticity mechanism, operational already at cryogenic temperatures.
